Nitrogen is a quantitatively important bioelement which is incorporated into the biosphere through assimilatory processes carried out by microorganisms and plants. Numerous nitrogencontaining compounds can be used by different organisms as sources of nitrogen. These include, for instance, inorganic ions like nitrate or ammonium and simple organic compounds like urea, amino acids, and some nitrogen-containing bases. Additionally, many bacteria are capable of fixing N 2 . Nitrogen control is a phenomenon that occurs widely among microorganisms and consists of repression of the pathways of assimilation of some nitrogen sources when some other, more easily assimilated source of nitrogen is available to the cells. Ammonium is the preferred nitrogen source for most bacteria, but glutamine is also a very good source of nitrogen for many microorganisms. Two thoroughly investigated nitrogen control systems are the NtrB-NtrC two-component regulatory system found in enterics and some other proteobacteria (80) and the GATA family global nitrogen control transcription factors of yeast and some fungi (75) . Novel nitrogen control systems have, however, been identified in bacteria other than the proteobacteria, like Bacillus subtilis (26), Corynebacterium glutamicum (52) , and the cyanobacteria. The cyanobacterial system is the subject of this review.
The cyanobacteria are prokaryotes that belong to the Bacteria domain and are characterized by the ability to perform oxygenic photosynthesis. Cyanobacteria have a wide ecological distribution, and they occupy a range of habitats, which includes vast oceanic areas, temperate soils, and freshwater lakes, and even extreme habitats like arid deserts, frigid lakes, or hot springs. Photoautotrophy, fixing CO 2 through the Calvin cycle, is the dominant mode of growth of these organisms (109) . A salient feature of the intermediary metabolism of cyanobacteria is their lack of 2-oxoglutarate dehydrogenase (109) . As a consequence, they use 2-oxoglutarate mainly as a substrate for the incorporation of nitrogen, a metabolic arrangement that may have regulatory consequences. Notwithstanding their rather homogeneous metabolism, cyanobacteria exhibit remarkable morphological diversity, being found as either unicellular or filamentous forms and exhibiting a number of cell differentiation processes, some of which take place in response to defined environmental cues, as is the case for the differentiation of N 2 -fixing heterocysts (109) .
Nitrogen control in cyanobacteria is mediated by NtcA, a transcriptional regulator which belongs to the CAP (the catabolite gene activator or cyclic AMP [cAMP] receptor protein) family and is therefore different from the well-characterized Ntr system. Interestingly, however, the signal transduction P II protein, which plays a key role in Ntr regulation, is found in cyanobacteria but with characteristics which differentiate it from proteobacterial P II . In the following paragraphs, we shall first briefly summarize our current knowledge of the cyanobacterial nitrogen assimilation pathways and of what is known about their regulation at the protein level. This description will introduce most of the known cyanobacterial nitrogen assimilation genes. We shall then describe the ntcA gene and the NtcA protein themselves to finally discuss NtcA function through a survey of the NtcA-regulated genes which participate in simple nitrogen assimilation pathways or in heterocyst differentiation and function.
GENES OF NITROGEN ASSIMILATION PATHWAYS RENDERING INTRACELLULAR AMMONIUM
The nitrogen sources most commonly used by cyanobacteria are nitrate, ammonium, urea, and dinitrogen (27). The unicellular cyanobacterium Synechococcus sp. strain PCC 7942 has also been shown to derive ammonium from cyanate (81) . In this section, we shall describe the genetic structure of the systems involved in the assimilation of these nutrients, focusing on those cyanobacteria in which these systems have been studied in more detail.
Nitrate assimilation. The assimilation of nitrate involves its incorporation into the cell through an active transport system and its intracellular two-step reduction to ammonium sequentially catalyzed by ferredoxin-nitrate reductase and ferredoxinnitrite reductase. An ATP-binding cassette (ABC)-type transporter constituted by the products of the nrtA, nrtB, nrtC, and nrtD genes is involved in nitrate-nitrite uptake by the freshwater cyanobacteria Synechococcus sp. strain PCC 7942 and Anabaena sp. strain PCC 7120 (13, 35, 68, 72, 93) , whereas a carrier belonging to the major facilitator superfamily mediates nitrate-nitrite uptake in the marine cyanobacteria Synechococcus sp. strain PCC 7002 (103) and Trichodesmium sp. strain WH9601 (122) . The gene encoding this carrier has been named nrtP (103) or napA (122) . Because a component of a wellknown periplasmic nitrate reductase has previously been designated NapA (84) , we suggest that these permeases be named NrtP. Whereas the ABC-type nitrate-nitrite transporter likely uses ATP as a source of energy (27), it is unknown whether the NrtP permeases use a gradient of H ϩ or Na ϩ (103) . It has been suggested that nitrate utilization by cyanobacteria in saline environments may be facilitated by NapA (NrtP) rather than NrtABCD transporters (122) , but NrtP homologues are also present in nonmarine cyanobacteria like Nostoc punctiforme (DOE Joint Genome Institute [http://www.jgi.doe.gov/]).
In Synechococcus sp. strain PCC 7942 and Anabaena sp. strain PCC 7120, the transporter-encoding genes are clustered together with the structural genes for nitrite reductase, nirA (67) , and nitrate reductase, narB (102) , constituting an operon, which we call the nir operon, with the structure nirA-nrtABCDnarB (13, 35, 70, 93, 112) . This operon is expressed at high levels only when ammonium is not present in the growth medium, with nitrate or nitrite having some positive effect on the operon mRNA levels (35, 60) . In both strains, upstream from the nir operon, in the opposite DNA strand, a number of genes whose mutation results in different degrees of impairment of expression of the nitrate and nitrite reductases have been found (36, 111) . One of those genes, ntcB, encoding a protein which belongs to the LysR family of transcriptional regulators, is present in both strains and is ammonium repressible. NtcB has been suggested to mediate a positive effect of nitrate (via nitrite) on the expression of the nir operon in Synechococcus sp. strain PCC 7942 (1), but in Anabaena sp. strain PCC 7120, it is required for expression of the nir operon irrespective of the presence of nitrate (36) . In the genome of Synechocystis sp. strain PCC 6803, the nrtABCD and narB genes are clustered together whereas the nirA gene is found in a different location (57) .
In Synechococcus sp. strain PCC 7002, the nrtP gene is clustered with narB but they appear to be transcribed independently. The expression of both genes is, however, regulated in a similar way, being high in nitrate-containing medium and low in medium containing ammonium or urea (103) . In Trichodesmium sp. strain WH9601, a gene cluster with the structure nirA-napA(nrtP)-narB is found but its expression has not yet been characterized (122) .
A set of genes required for the biosynthesis of the molybdenum cofactor of nitrate reductase, bis-molybdopterin guanine dinucleotide, has been characterized in Synechococcus sp. strain PCC 7942. However, the expression of these genes appears not to be tightly regulated by the nitrogen source (100, 101) .
Nitrogen fixation. Many cyanobacteria fix atmospheric nitrogen, and a large number of them do so under aerobic conditions. Because nitrogenase, the enzymatic complex performing nitrogen fixation, is extremely oxygen sensitive, many cyanobacteria separate, either spatially or temporarily, the processes of oxygenic photosynthesis and nitrogen fixation. Whereas some filamentous cyanobacteria (e.g., those of the genera Anabaena and Nostoc) confine nitrogenase to heterocysts, differentiated cells specialized in nitrogen fixation, some other, unicellular as well as filamentous, strains express the nitrogenase activity in the dark periods of light-dark growth cycles. On the other hand, Trichodesmium sp., a nitrogen-fixing cyanobacterium of global ecological significance, fixes N 2 aerobically and expresses nitrogenase in the light periods of light-dark growth cycles (15) . Nitrogen fixation genes will be described here briefly, and the reader is invited to consult a number of recent reviews that cover different aspects of heterocyst formation and cyanobacterial nitrogen fixation (3, 5, 10, 27, 28, 42, 44, (127) (128) (129) .
Nitrogen fixation genes have been identified in a number of cyanobacteria (reviewed in reference 28), but they have been characterized in more detail in two heterocyst formers, Anabaena sp. strain PCC 7120 and Anabaena variabilis strain ATCC 29413 (reviewed in reference 5), and in the unicellular organism Synechococcus sp. strain RF-1 (49) . The nomenclature of the cyanobacterial nif genes is like that of other bacteria (5). Fifteen nitrogen fixation or nitrogen fixation-related genes, including the structural genes for nitrogenase, nifHDK, are clustered together as follows: nifB-fdxN-nifS-nifU-nifH-nifDnifK-nifE-nifN-nifX-orf2-nifW-hesA-hesB-fdxH. These genes are organized in at least six transcriptional units: nifB-fdxNnifS-nifU, nifHDK, nifEN, nifX-orf2, nifW-hesA-hesB, and fdxH (28, 44, 49) . Upstream from nifB, in the opposite orientation, a nifP gene has been found in strain RF-1 (49) , and downstream from fdxH, in the opposite orientation, a mop gene has been identified in the heterocyst formers (5) . On the other hand, the nifJ gene and, clustered together, nifV, nifZ, and nifT are found in other locations in the chromosome of Anabaena sp. strain PCC 7120 (5) . A gene designated glbN, which encodes a monomeric hemoglobin, has been found juxtaposed to nifU and nifH in Nostoc commune strain UTEX 584 (94) and is present in some other Nostoc strains as well (48) .
The nif and nitrogen fixation-related genes are not expressed in cultures supplemented with combined nitrogen (28, 49). Regulation of expression of these genes, however, can be especially complex, since expression in some cyanobacteria appears to be subject to a circadian rhythm (17, 21, 49) and can be confined to the heterocysts in the heterocyst formers (24). Some heterocyst-forming cyanobacteria, like A. variabilis strain ATCC 29413, bear a second nif gene cluster that is expressed in the vegetative cells under microaerobic or anaerobic conditions (105, 117) . This cyanobacterium also bears genes for a vanadium-dependent nitrogenase: vnfDG, vnfK, vnfE, and vnfN (115, 116) .
Urea assimilation. Urea likely represents an important nitrogen source for cyanobacteria in their natural environment (20, 27) . Recent advances in our knowledge of cyanobacterial urea assimilation include the identification of the urease structural genes and of the genes encoding a urea transporter. The urease structural genes, ureA, ureB, and ureC, which would encode a typical bacterial urease, as well as all of the accessory genes required to produce an active urease, an enzyme which carries a bi-nickel center, have been identified in the marine cyanobacterium Synechococcus sp. strain WH7805 (20) and are also present in the genomes of Synechocystis sp. strain PCC 6803 (57) (43, 81) , and the cynS gene encoding cyanase has been identified in both strains (43; F. Jalali and G. S. Espie, GenBank accession no. AF001333). In Synechococcus sp. strain PCC 7942, cynS is clustered together with three genes, cynABD, which might encode an ABCtype transporter. Cyanase activity and cynS and its accompanying genes are subject to repression by ammonium (43) .
Ammonium uptake. Although ammonia appears to readily permeate biological membranes, ammonium transporters have been characterized in numerous organisms. They are monocomponent permeases which seem to be necessary for uptake of ammonium when it is present at low concentrations (i.e., below 1 M) in the extracellular medium or when the organisms grow in a rather acidic medium (which is not the case for cyanobacteria). Three genes encoding ammonium permeases are found in the chromosome of Synechocystis sp. strain PCC 6803 (57, 82 
AMMONIUM INCORPORATION INTO CARBON SKELETONS
Glutamine synthetase-glutamate synthase pathway. In cyanobacteria, ammonium, either taken up from the outer medium or produced intracellularly, is incorporated into carbon skeletons mainly through the glutamine synthetase-glutamate synthase cycle (130; reviewed in reference 27). The glnA gene encoding a typical eubacterial glutamine synthetase (type I) has been cloned from numerous cyanobacteria (reviewed in reference 27), but a second gene, glnN, encoding a type III glutamine synthetase is also present in some nondiazotrophic strains (97) . Pseudanabaena sp. strain PCC 6903 has been found to carry glnN as its only glutamine synthetase gene (23). In general, the expression of glnA (reviewed in reference 28) and glnN (23, 98, 104) is lower in cells grown with ammonium than in those grown with nitrate or incubated in the absence of combined nitrogen.
The genes encoding a ferredoxin-dependent (glsF) and an NADH-dependent (gltB and gltD) glutamate synthase have been characterized in Plectonema boryanum (91) . Synechocystis sp. strain PCC 6803 appears to bear similar genes (57) . The contribution of ferredoxin-glutamate synthase to the photoassimilation of nitrogen is dominant over that of NADH-glutamate synthase when high levels of carbon are available (91 Carbon skeleton for nitrogen incorporation. The carbon skeleton used for incorporation of ammonium through the glutamine synthetase-glutamate synthase cycle is 2-oxoglutarate, which is provided by NADP ϩ -isocitrate dehydrogenase (86, 87) . The expression of the icd gene encoding isocitrate dehydrogenase has been described to be highest under nitrogen stress in Synechocystis sp. strain PCC 6803 or under N 2 -fixing conditions in Anabaena sp. strain PCC 7120 (88). As mentioned above, cyanobacteria lack a 2-oxoglutarate dehydrogenase and use 2-oxoglutarate mainly for the biosynthesis of glutamate and glutamate-derived compounds (50, 108) . Consistent with this, in short-term uptake assays carried out with a Synechococcus strain bearing an heterologous 2-oxoglutarate permease, most of the radioactivity from the 2-[
14 C]oxoglutarate taken up was found in glutamate and glutamine (119) . Its predominant role as a carbon skeleton for nitrogen assimilation would make 2-oxoglutarate an appropriate sensor of the C-N balance of the cyanobacterial cell (30) . Although 2-oxoglutarate cellular levels have not been extensively analyzed, available data indicate that they are indeed influenced by the nitrogen source (22, 76, 114) .
POSTTRANSLATIONAL REGULATION
Most of the genes encoding nitrogen assimilation enzymes or permeases are repressed by ammonium in cyanobacteria, and this transcriptional control, which will be discussed below, is a major aspect of regulation of nitrogen assimilation in these organisms. Nonetheless, a few examples of posttranslational regulation are also well documented: modification of nitrogenase reductase; reversible inactivation, triggered by ammonium, of glutamine synthetase in Synechocystis sp. strain PCC 6803; and short-term inhibition by ammonium of nitrate uptake.
Nitrogenase reductase modification. In cyanobacteria, the Fe protein of the nitrogenase complex is frequently resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis into two forms, the largest of which (modified form) appears to correspond, in some cases, to an inactive protein (reviewed in reference 3). Physiological conditions which lead to the appearance of the modified form include incubation in the dark, under high O 2 tension, or in the presence of ammonium. Because of an apparent similarity to the inactivation of the Rhodospirillum rubrum nitrogenase Fe protein, ADP-ribosylation has been investigated as a possible inactivation mechanism but no proof for it has been obtained (3). Instead, it has recently been reported that modification of the nitrogenase Fe protein in the unicellular cyanobacterium Gloeothece sp. strain ATCC 27152 could operate through palmitoylation of the protein (38) .
Inactivation of glutamine synthetase. The presence of ammonium in the culture medium causes inactivation of the type I glutamine synthetase in Synechocystis sp. strain PCC 6803, with reactivation taking place in response to ammonium withdrawal (76) . The in vivo-inactivated enzyme can be reactivated in vitro by several treatments, including incubation with a phosphatase, leading to the suggestion that inactivation involves the noncovalent binding of a phosphorylated compound (77) . It has recently been shown that inactivation involves binding to the enzyme of one or two of the inactivating factors IF7 and IF17, the products of the gifA and gifB genes, respectively (40) . These genes are quickly induced in response to the addition of ammonium to Synechocystis cells. Inactivation of the enzyme might simply be determined by the presence of adequate levels of IF7 and IF17 in the cells (40) , whereas no role for a phosphorylation in this inactivation system has been described. IF7 and IF17 are homologous polypeptides, and a homologue is also found in Anabaena sp. strain PCC 7120. An ammonium-triggered decrease (other than repression) in glutamine synthetase has not been observed, however, in cyanobacteria, other than strain PCC 6803, in which the glutamine synthetase levels have been examined (78, 79; however, see reference 99).
Inhibition of nitrate uptake. The nitrate-nitrite transporter of many cyanobacteria requires CO 2 fixation by the cells for normal operation and is subject to quick and reversible inhibition by ammonium, which has to be metabolized through glutamine synthetase for the inhibitory effect to take place (reviewed in reference 27). Nitrate uptake appears, therefore, to be modulated by a regulatory system integrating the photosynthetic N and C assimilatory metabolisms of cyanobacteria (29). It has recently been shown that the signaling P II protein (glnB gene product) is required for the inhibition by ammonium of nitrate uptake in Synechococcus sp. strain PCC 7942 (63) . P II is a trimeric protein which, in cyanobacteria, can be modified by phosphorylation of a serine residue in each subunit (32), a modification mechanism different from that previously known for P II , which, in some other bacteria, is uridylylated under low-nitrogen conditions (80) . The phosphorylation degree of the trimer responds to the N and C supply of the cells so that P II is unphosphorylated in the presence of ammonium and phosphorylated to different degrees when the cells are incubated in the presence of nitrate or in the absence of any source of nitrogen and depending also on the CO 2 supply (32). As is the case with Escherichia coli P II (56, 80) , Synechococcus P II can bind ATP and 2-oxoglutarate in a mutually dependent manner (31) . ATP-and 2-oxoglutarate-liganded Synechococcus P II appears to be the substrate of an ATP-dependent kinase, whereas phosphorylated P II in the absence of 2-oxoglutarate is the substrate of a phosphatase (33, 51) . Thus, 2-oxoglutarate, a putative signal of the C-N balance of the cell, would determine the P II phosphorylation level (31) . Unphosphorylated P II determines inhibition of nitrate uptake, whereas phosphorylated P II appears to be not inhibitory as long as the cells are incubated under conditions which likely determine high 2-oxoglutarate levels (64). The molecular mechanism through which P II inhibits nitrate uptake is unknown, but a direct interaction of P II with the nitrate-nitrite permease deserves investigation. One of the two ATPase components of the nitrate-nitrite transporter of strain PCC 7942, NrtC, is a polypeptide which bears a carboxyl extension that is homologous to the periplasmic substrate-binding protein of the system, NrtA. Deletion of this C-terminal domain of NrtC partially relieves the inhibition by ammonium of nitrate uptake (61) . Interestingly, this study has also suggested an additional inhibitory effect of ammonium on nitrate reductase activity.
THE NtcA TRANSCRIPTIONAL REGULATOR
In the description of genes encoding elements of nitrogen assimilation pathways presented above, we have shown that repression by ammonium or combined nitrogen of the expression of those genes, so-called N control or N regulation, is a common phenomenon in cyanobacteria. Only glutamate synthase, the bis-molybdopterin guanine dinucleotide biosynthesis proteins, and, in some strains, urease appear not to be under N control. The repressive effect of ammonium or combined nitrogen on both the nitrate assimilation system and the nitrogen fixation machinery is abolished by inactivation of glutamine synthetase with methionine sulfoximine, indicating that repression requires the incorporation of ammonium into carbon skeletons via glutamine synthetase (47, 90, 110) . This observation led to the notion that a common mechanism might operate the regulation of different nitrogen assimilation pathways in cyanobacteria.
Identification of ntcA. Pleiotropic mutants of Synechococcus sp. strain PCC 7942 were isolated that, as a result of single mutations, were unable to induce the expression of genes involved in nitrogen assimilation that are subject to nutritional repression by ammonium (121) . Complementation of one of those pleiotropic mutants with a gene library from the wild type led to the identification of a gene of 669 nucleotides that would encode a protein different from other regulators operating N control and was given the name ntcA (120, 121) . Because spontaneous revertants, as well as complemented strains, derived from ntcA mutants always regained wild-type function and patterns of regulation of all of the proteins subject to N control, it was concluded that ntcA represents a positive-acting element required for the expression of the N-regulated genes (120, 121) . The strain PCC 7942 ntcA gene would encode a 222-amino-acid protein homologous to members of the family of bacterial regulators, of which E. coli CAP is the best-characterized member. As is the case for other members of the family, NtcA appears to present, in its C-terminal part, a helixturn-helix motif for interaction with DNA (120).
The ntcA gene was later identified through DNA-DNA hybridization and cloned from Synechocystis sp. strain PCC 6803 and Anabaena sp. strain PCC 7120 (37) and independently isolated from Anabaena sp. strain PCC 7120 through an in vivo transcriptional interference selection method for DNA-binding proteins (125 (57) , although the size of the ntcA transcript has not been reported for the latter organism.
Expression of ntcA is repressed by growth with ammonium in Synechococcus sp. strains PCC 7942 (69) and WH7803 (66) . In the latter, the cellular levels of the ntcA mRNA found in nitrate-grown cells decrease rapidly (half-life, 1.28 Ϯ 0.2 min) upon exposure to ammonium. In Cyanothece sp. strain ATCC 51142, levels of ntcA mRNA have been reported to be higher in cells grown with nitrate than in the absence of combined nitrogen, whereas in ammonium-grown cells the levels seem to depend on the concentration of ammonium used (7) . A note of caution is necessary, however, on the interpretation of these data, since changes in the illumination of the cells were superimposed on those in the nitrogen supply. In Anabaena sp. strain PCC 7120, the 0.8-kb transcript is observed both in the presence and in the absence of combined nitrogen although hybridization signals in the range of 0.8 to 1.0 kb are stronger in the absence of combined nitrogen (96) . On the other hand, transcripts up to 1.4 kb in length are observed in the presence of combined nitrogen (96) . This complex distribution of ntcA transcripts in Anabaena sp. strain PCC 7120 appears to result from the use of different promoters (see below) and may also reflect differential stability of the transcripts. Nonetheless, the total amount of ntcA mRNA in this cyanobacterium does not notably change under different nitrogen regimens (96; J. E. Frías, E. Flores, and A. Herrero, unpublished data).
The NtcA protein. The predicted NtcA polypeptides ( Fig. 1 ) are strongly similar proteins showing Ն61.4% identity in pairwise comparisons. Two groups of NtcA proteins are, however, evident (Fig. 2) , with intergroup identities of Յ67%. One group includes the NtcA proteins from the unicellular marine organisms Synechococcus sp. strain WH7803 and P. marinus, which share 82.1% identity. The other group includes the NtcA proteins from the heterocyst formers and from Synechococcus sp. strains PCC 7942 and PCC 7002, Cyanothece sp. strain ATCC 51142, Synechocystis sp. strain PCC 6803, and Trichodesmium sp. strain WH9601, with pairwise identities of 76.9 to 88.4%. NtcA from strain PCC 7942, however, diverges from the NtcA proteins of the other strains in this group (Fig. 2) .
Three strongly conserved regions can be outlined in the NtcA protein (Fig. 1) . Region I comprises residues 25 through 97 (numbering of Synechococcus sp. strain PCC 7942 NtcA), region II comprises residues 122 through 160, and region III comprises residues 173 through 196. Although no experimental data on the NtcA structure are available, an analysis of these conserved regions in the light of the known CAP structure (106, 123) is of interest. Conserved region I corresponds to the CAP region of ␤-roll structure (Fig. 3) and exhibits patterns of Gly and other amino acid residues characteristic of this type of structure, as found in cyclic-nucleotide-binding proteins (107) . CAP residues Glu 72 and Arg 82 are essential, whereas Ser 83 is important, for cAMP binding to this protein (83) , but only the Arg residue is conserved in NtcA (Arg 87 of strain PCC 7942 NtcA). It follows that NtcA may bear a ␤-roll structure and that this structural feature may represent the site of binding of a metabolite, but this can hardly be cAMP. Region II is predicted, with very high probability, to form two consecutive ␣-helices. The corresponding region in CAP bears ␣-helices C and D (Fig. 3) , the former of which participates in protein dimerization (106) and contributes three residues (Arg 123 , Thr 127 , and Ser 128 ) that contact cAMP (83, 123) , the Arg and Thr residues being conserved in NtcA (Arg 128 and Thr 132 , respectively, of strain PCC 7942 NtcA). Region III is predicted to contain the DNA-binding helix-turn-helix motif (120) and corresponds to the region carrying the helix-turn-helix motif (bearing ␣-helices E and F) of CAP. (69) . Some NtcA-binding sites on DNA have been determined by DNase footprinting and found to contain the palindromic sequence signature GTAN 8 TAC (69). These NtcA-binding sites were included in promoters of genes activated by NtcA. These promoters consist of a Ϫ10, E. coli 70 consensus-like box in the form TAN 3 T and an NtcA-binding site located in place of the Ϫ35 box that is present in the E. coli 70 -type promoters (69) . This structure of the NtcA-activated promoters is similar to that of class II, CAP-activated promoters in which the DNA-binding site for the activator is centered near position Ϫ42, overlapping and replacing the Ϫ35 DNA site for the binding of RNA polymerase (11) . In this type of CAP-activated promoters, transcription activation operates through two different components, an increase in the binding constant of RNA polymerase and an increase in the rate constant for isomerization of the RNA polymerase-closed promoter complex to the transcriptionally active open complex, both effects operating through specific protein-protein contacts between CAP and RNA polymerase (reviewed in references 11, 12) .
Binding to DNA of a protein factor, later identified as NtcA, present in partially purified preparations from cell extracts of Anabaena sp. strain PCC 7120 has been reported, and the sequence TGT(N 9 or 10 )ACA has been suggested as the consensus recognition sequence for this factor (95) . This consensus partially overlaps the one described above, and the differences might arise from analysis of some Anabaena genes, like rbcL and xisA (see below), whose upstream regions bear binding sites for which NtcA would show weak binding (95) .
In a recent study, the NtcA protein was used for in vitro selection of DNA fragments from a library of molecules which carried a sequence consisting of 13 random nucleotides followed by ACA cloned in a 480-bp fragment (55) . Strong selection for fragments bearing the GTAN 8 TAC sequence and the GTN 10 AC subset of that sequence was observed. Although a few DNA fragments with a spacing of seven or nine nucleotides between the two triplets were also selected, comparison of the binding of NtcA to some of the selected DNA fragments led to the conclusion that the eight-nucleotide spacing is optimal (55).
A SURVEY OF NtcA-ACTIVATED GENES
Since the first identification of NtcA in Synechococcus sp. strain PCC 7942 and the description of its action, the number of genes recognized as positively and directly regulated by NtcA has been continually increasing. For that recognition, we ask that the following criteria need to be met: (i) that the gene be expressed from a tsp subject to repression by ammonium, (ii) that the NtcA protein be shown to specifically bind to that promoter, (iii) that the use of the tsp upon ammonium withdrawal not take place in an NtcA Ϫ background, and (iv) that the promoter structure upstream from the ammonium-regu- lated tsp conform to the structure of the NtcA-activated promoters described above. The latter represents a conclusion derived from experimentation that has become a prediction. Genes described to date that can be considered to be directly activated by NtcA are listed in Fig. 4 . In this section, we shall discuss NtcA-activated genes which are involved in the assimilation of combined nitrogen, leaving genes specifically related to heterocysts for a later section.
Genes of Synechococcus sp. strain PCC 7942. The nir operon of the cyanobacterium Synechococcus sp. strain PCC 7942 is expressed at higher levels in the absence than in the presence of ammonium from a tsp located at Ϫ32 (69; Ϫ29 in reference 112) with respect to the start of the nirA gene. Three NtcAbinding sites have been found centered at positions Ϫ40.5, Ϫ109.5, and Ϫ180.5 with respect to the tsp (69) . The binding site centered at position Ϫ40.5 is included in a canonical NtcAactivated promoter structure (Fig. 4) and would direct N-regulated expression of the nir operon (69, 71). The site centered at position Ϫ109.5 has been implicated in NtcB-dependent enhancement by nitrite of the expression of the nir operon   FIG. 3. Comparison of E. coli CAP and Synechococcus sp. strain PCC 7942 NtcA amino acid sequences. The sequences that conform to some of the secondary-structure features of CAP relevant for our discussion of NtcA (see the text) are indicated above the CAP sequence. CAP ␤ strands 1 through 8 constitute a ␤-barrel structure which bears three amino acid residues (in boldface) involved in cAMP binding. Four Gly residues important for the ␤-barrel structure are indicated by asterisks. CAP ␣-helix C also contains three amino acid residues (highlighted in bold) that contact cAMP. CAP ␤ strands 9 and 10 roughly correspond to CAP-activating region 1, which contains a Gly residue (in boldface) conserved in NtcA. CAP ␣-helices E and F constitute the DNA-binding helix-turn-helix motif, with an Arg residue (in boldface) in ␣-helix F that contacts a G nucleotide in the DNA-binding site and is conserved in NtcA. Shaded bars below the NtcA sequence correspond to boxes in Fig. 1.   FIG. 4 . Sequences of NtcA-activated promoters. Only promoters from genes whose putative tsps (lowercase, bold) have been experimentally determined are included (see the text for references). The location of the tsp with respect to the translation start of the corresponding gene is indicated. The derived consensus sequences for the NtcA-binding site (left) and the Ϫ10 promoter box (right) are presented at the bottom. Nucleotides matching those of the GTA and TAC triplets of the NtcA-binding site and the strongly conserved TA and T of the Ϫ10 box are in boldface. (71) . The binding site centered at position Ϫ180.5 would be part of a different NtcA-activated promoter (Fig. 4) which would direct the expression of the divergent nirB and ntcB genes from a tsp located 30 bp upstream from nirB (71, 111) .
The strain PCC 7942 ntcA transcript is synthesized from an N-regulated tsp located 109 bp upstream from the start of the ntcA gene. Another tsp, generating a weaker signal, is detected in the presence of ammonium at position Ϫ120 (69). Whereas the promoter for the Ϫ120 tsp resembles the canonical 70 type promoters, the promoter for the Ϫ109 tsp is dependent on NtcA and exhibits the structure of the NtcA-type promoters (Fig. 4) . NtcA is therefore positively autoregulated in strain PCC 7942. Also, the strain PCC 7942 glnB gene is transcribed from both a constitutive E. coli 70 -type promoter and an N-regulated, NtcA-dependent promoter (Fig. 4) with transcription start points located at positions Ϫ120 and Ϫ53, respectively, with respect to the start of the open reading frame (ORF) (65) . The 70 -type promoters of these genes may be responsible for their expression in the presence of ammonium that is higher in the case of glnB than in that of ntcA.
The strain PCC 7942 glnA gene is transcribed mainly from an NtcA-activated promoter (Fig. 4) which generates a tsp located at nucleotide Ϫ147 with respect to the start of the glnA ORF (69; Ϫ146 in reference 18). The amt1 gene of this cyanobacterium is also expressed from an NtcA-activated promoter (Fig. 4) which binds NtcA in vitro (Vázquez-Bermúdez et al., unpublished data). The cynABDS gene cluster, possibly an operon involved in cyanate uptake and degradation, is preceded by a putative NtcA-type promoter (T. Omata, GenBank accession no. AB005890). Although the tsp for cynABDS has not been reported, the expression of these genes, tested with a cynS probe, has been shown to be NtcA dependent (43) .
Genes of Anabaena sp. strain PCC 7120. Anabaena sp. strain PCC 7120 is the second cyanobacterium from which an ntcA mutant was isolated (34, 124) . Combined nitrogen assimilation genes or operons whose expression is NtcA dependent include the glnA gene and the nir (nitrate assimilation) and urt (urea transport) operons (Fig. 4) . Transcription of glnA takes place from at least three transcription start points (reviewed in reference 28), the most proximal of which, located at nucleotide Ϫ92 with respect to the start of the gene and generating RNA I , corresponds to an NtcA-dependent promoter. NtcA-dependent promoters to which NtcA has been observed to bind in vitro have also been characterized for the nir and urt operons (35, 36; A. Valladares, A. Herrero, and E. Flores, unpublished data). Transcription of the Anabaena nir operon also requires NtcB, which can bind to the nir promoter just upstream from, and simultaneously to, NtcA (36) . Expression of ntcB itself takes place from an NtcA-dependent promoter (Fig. 4) which has been shown to bind NtcA in vitro (36) . It has been suggested that NtcB works as a booster of the NtcA-dependent expression of the nir operon (36) .
The strain PCC 7120 ntcA gene has been reported to be transcribed from three N-regulated transcription start points (96) . Additionally, a tsp located 136 nucleotides upstream from the start of the coding sequence has been detected with RNA isolated from cells grown with ammonium, nitrate, or dinitrogen (A. M. Muro-Pastor, A. Valladares, A. Herrero, and E. Flores, unpublished data). One of the N-regulated transcription start points is located at position Ϫ49, is preferentially used in the absence of combined nitrogen and early during heterocyst differentiation, and is active in mature heterocysts (96) . Another is located at position Ϫ180 and seems to be transiently used early in heterocyst development but not in mature heterocysts (96) . The third N-regulated tsp is located at position Ϫ190 and appears to be used increasingly during heterocyst differentiation and also in mature heterocysts (96) . Activation of the Ϫ49 and Ϫ180 tsps in response to combined nitrogen deprivation is strictly dependent on NtcA, indicating that ntcA is also autoregulatory in strain PCC 7120 (MuroPastor et al., unpublished data). NtcA has been reported (96) to bind to a region covering nucleotides Ϫ131 to Ϫ155, which includes a sequence (GTAN 8 AAC) strongly similar to the consensus of NtcA-binding sites, but this sequence is located 88 bp upstream from the closer tsp (i.e., the Ϫ49 tsp). Thus, no canonical NtcA-activated promoter could be recognized upstream from any of the three ntcA transcription start points in strain PCC 7120. Therefore, the autoregulatory effect of NtcA in this strain might be exerted in an indirect manner or might involve a different type of NtcA-dependent promoter. Figure 4 also includes the promoters of heterocyst development genes hetC and devBCA, which, as discussed below, appear to be directly regulated by NtcA.
Genes of Synechocystis sp. strain PCC 6803. Several genes of the cyanobacterium Synechocystis sp. strain PCC 6803 have been shown to be transcribed from N-regulated tsps which are preceded by NtcA-type promoters (Fig. 4) . They include amt1 (82) , glnA (98) , glnB (39) , icd (88) , and the rpoD2-V gene encoding a factor affecting survival under nitrogen stress (84a). Binding of NtcA to the promoter regions of these genes has been shown in every case. Although a fully segregated ntcA mutant of strain PCC 6803 has not been obtained, a partially segregated mutant has been reported to be impaired in the expression of glnA and glnB, supporting the occurrence of NtcA-dependent gene expression in this cyanobacterium (41) .
Genes of other cyanobacterial strains. N-regulated genes transcribed from tsps which are preceded by an NtcA-type promoter structure are also present in other cyanobacteria ntcA mutants of which have not been reported. The glnA gene of Calothrix sp. strain PCC 7601 bears a promoter structure very similar to that of the same gene in Anabaena sp. strain PCC 7120 (S. Liotenberg and N. Tandeau de Marsac, unpublished data). An N-regulated tsp named P1 is located at position Ϫ87 or Ϫ88 with respect to the start of the gene and is preceded by an NtcA-type promoter (Fig. 4) . The Pseudanabaena sp. strain PCC 6903 glnN (23), the Synechococcus sp. strain PCC 7002 nrtP (103) , and the Synechococcus sp. strain WH7803 ntcA (66) genes are transcribed from NtcA-type promoters (Fig. 4) , but only in the case of strain PCC 6903 glnN has binding of NtcA to the promoter been demonstrated. Available data suggest that ntcA of Synechococcus sp. strain WH7803 would also be autoregulatory.
SEQUENCES OF NtcA-ACTIVATED PROMOTERS
Consensus sequence. Scrutiny of the sequences presented in Fig. 4 shows that the palindromic sequence signature GTAN 8 TAC, defined for NtcA-binding sites on DNA (69) , is strongly conserved. It should be noted that the spacing between the two strongly conserved GTA and TAC triplets is invariably eight nucleotides. The available data permit us to further define, by calculating the percentage of occurrence of each of the four bases at each position, the sequence of the NtcA-binding site (Fig. 4) . In addition to the GTAN 8 TAC sequence signature, single bases that appear at a high frequency in some particular positions include C and A in the second and third positions, respectively, after the GTA triplet and A in the first and second positions after the TAC triplet. Despite some differences in the percentage of occurrence of the bases in some positions, it is evident that the two halves of the NtcA-binding site are rather complementary to each other, rendering a whole sequence that is palindromic in nature. It has been observed that purified NtcA protein behaves like a dimer in solution (126) . This permits the assumption that, like other proteins in the CAP family, each subunit of NtcA interacts with one half of the binding site. Predictions made following the CAP model permit the suggestion that the strongly conserved G of the GTA triplet would be contacted by NtcA residue Arg 186 (numbering of Synechococcus sp. strain PCC 7942 NtcA; Fig. 3 ), whereas Val 187 would contact a T complementary to the A in the GTA triplet (69) . These two amino acids are invariant in all of the available NtcA sequences (Fig.  1) .
In NtcA-activated promoters, a Ϫ10 box can be identified that is usually separated from the tsp by five to seven nucleotides, although spacings of four to nine nucleotides have been observed (Fig. 4) . The consensus that can be defined for these Ϫ10 boxes (Fig. 4) is very similar to that of the Ϫ10 box of the E. coli 70 -type promoters. The cyanobacterial major (vegetative) factor, SigA, is homologous to E. coli 70 (8) . Thus, it can be suggested that NtcA activates transcription mediated by RNA polymerase carrying a vegetative-type factor, although this has not been experimentally tested. On the other hand, the space between the Ϫ10 box and the GTAN 8 TAC sequence is usually 22 or 23 nucleotides, although spacings of 20, 21, and 24 nucleotides have also been observed (Fig. 4) .
The essential role of the NtcA-binding site in NtcA-dependent activation of gene expression has been demonstrated. A deletion of nine nucleotides including the 5Ј GTA triplet of the NtcA-binding site of the Synechococcus sp. strain PCC 7942 glnA promoter abolishes derepression of this gene (19), and replacement of the 5Ј GTA triplet of the nir operon-proximal NtcA-binding site (Ϫ40.5 site), as well as of the nirB-proximal site (Ϫ180.5 with respect to the nir operon tsp), by CAT triplets also abolishes activation of the corresponding genes (71) .
Promoters similar to NtcA-activated promoters. Figure 5 shows a number of promoters of nitrogen assimilation genes that resemble, but do not match, the structure of the canonical NtcA-activated promoters. The tsp of the Synechocystis sp. strain PCC 6803 glnN gene has been localized to nucleotide Ϫ32 with respect to the start of the gene (98) . The corresponding promoter is similar to NtcA-activated promoters, but the putative NtcA-binding site lacks a conserved TAC triplet, which is replaced with GTC (Fig. 5) . Although a DNA fragment carrying this promoter has failed to bind NtcA in vitro (98) , its use appears to be NtcA dependent (41) . A similar NtcA-dependent promoter has been characterized for the glnN gene of Synechococcus sp. strain PCC 7942 (104) . It is possible that a modified or activated (see below) NtcA protein is able to bind to these promoters in vivo. Alternatively, their activation by NtcA could require the participation of another factor. The same argument could be made for other genes, such as the N-regulated nifP gene of Synechococcus sp. strain RF-1, which is transcribed from a tsp (49) that is preceded by sequences bearing a putative Ϫ10 box and exhibiting some features of an NtcA-binding site (Fig. 5) .
NtcA-ACTIVATED GENES IN HETEROCYST DIFFERENTIATION AND FUNCTION
As previously mentioned, some filamentous cyanobacteria that are able to fix N 2 develop specialized cells called heterocysts, which differentiate at semiregular intervals in response to combined nitrogen deprivation. Heterocysts exhibit substantial structural changes, as well as new metabolic capabilities with respect to vegetative cells, the process of heterocyst differentiation involving changes in the transcriptional program of the vegetative cells (44, 129) .
Heterocyst development requires NtcA. NtcA has been shown to be required for differentiation of heterocysts in Anabaena sp. strain PCC 7120 (34, 124) , A. variabilis strain ATCC 29413 (T. Thiel, personal communication), and N. punctiforme strain ATCC 29133 (J. C. Meeks, personal communication). It can be suggested that NtcA represents a regulatory link between nitrogen nutrition and heterocyst development. Induction of the heterocyst development positive regulatory gene hetR, which takes place shortly after nitrogen deprivation (4, 9) , is impaired in an ntcA mutant (34) , but the basis for such dependence on NtcA is not known. Expression of hetR in Anabaena sp. strain PCC 7120 takes place from several pro- moters, none of which shows the typical structure of an NtcAactivated promoter (W. J. Buikema and R. Haselkorn, unpublished data; A. M. Muro-Pastor, A. Valladares, A. Herrero, and E. Flores, unpublished data). Thus, the requirement for NtcA of hetR induction might be indirect. NtcA-regulated genes involved in heterocyst differentiation and function. Induction of a number of genes whose expression is required for heterocyst development but takes place later than that of hetR is dependent on an intact hetR gene (14) . The nature of this dependence is unknown, although HetR has been shown to exhibit protease activity in vitro (131) . Because NtcA is required for hetR induction and heterocyst development, impairment in an ntcA mutant of the expression of genes normally expressed in the heterocyst could be a consequence of the lack of heterocyst differentiation in such a mutant. However, as shown below, the NtcA protein can be directly involved in the transcriptional activation of some genes that are expressed at different stages of heterocyst development or in the mature heterocyst.
The Anabaena sp. strain PCC 7120 hetC gene would encode a product which acts early in heterocyst development and is homologous to ABC exporters, although its putative substrate is unknown (59) . Expression of hetC is not depressed in a hetR mutant (59) but is impaired in an ntcA mutant and takes place from a typical NtcA-activated promoter (Fig. 4) which generates a transcript whose 5Ј end corresponds to nucleotide Ϫ571 with respect to the putative gene start (85) . Anabaena sp. strain PCC 7120 genes whose expression in the mature heterocyst appears to be activated by NtcA include petH (encoding ferredoxin:NADP ϩ reductase) and glnA. Ferredoxin:NADP ϩ reductase, which can contribute to the provision of the reduced ferredoxin required for the nitrogenase reaction, and glutamine synthetase, responsible for the incorporation of fixed nitrogen into carbon skeletons, are critical for the assimilation of nitrogen in heterocysts. RNA I of glnA (discussed above) and tsp2 of petH are detected with heterocyst RNA, but their use is independent of HetR (118; A. Valladares, A. M. Muro-Pastor, A. Herrero, and E. Flores, unpublished data). The promoters originating these transcripts are, however, NtcA dependent, bind the NtcA protein in vitro (although binding is weaker for petH than for glnA), and match, in the case of glnA RNA I (Fig.  4) , or show some similarity to, in the case of petH tsp2 (Fig. 5) , the structure of the NtcA-activated promoters.
Some genes or operons whose expression is dependent on both NtcA and HetR might also be directly regulated by NtcA. The devBCA operon encodes an ABC transporter which is involved in the maturation of the heterocyst envelope (25, 73), and expression of devA has been shown to be blocked in a hetR mutant of Anabaena sp. strain PCC 7120 (14) . This operon is transcribed in strain PCC 7120 from a tsp located at Ϫ704 which is not used in an ntcA mutant and is preceded by sequences that bind NtcA in vitro and match those of the NtcAactivated promoters (Fig. 4 ; G. Fiedler, A. M. Muro-Pastor, E. Flores, and I. Maldener, unpublished data). The nifHDK operon is expressed in Anabaena sp. strain PCC 7120 exclusively in the heterocysts (24) and consistently is not expressed in ntcA (34) or hetR (Valladares et al., unpublished data) mutants. Weak binding of NtcA to DNA from the region upstream of nifH has been observed (95, 118) . As is the case with the petH promoter discussed above, the nifHDK promoter shows some similarity to, but does not match, the structure of the NtcAactivated promoters (Fig. 5) . Additionally, as shown in Fig. 5 , sequences with some similarity to the NtcA-binding site can be recognized in the promoters of nif gene cluster ORF1 from strain PCC 7120 (6) and of the vnfDG gene involved in the expression of the alternative vanadium-containing nitrogenase of A. variabilis strain ATCC 29413 (115) .
Binding of NtcA to three sites in the upstream region of xisA, encoding the Anabaena sp. strain PCC 7120 site-specific recombinase responsible for excision of the nifD 11-kb intervening element (44), has been described (16, 95) . In these sites, the spacing between the palindromic outer sequences is shorter than that found in the typical NtcA-activated promoters (e.g., TGTN 9 ACA instead of GTN 10 AC). NtcA has also been shown to bind to a region upstream from the glbN gene of N. commune that bears an NtcA-binding site-like sequence also with a shorter intervening sequence, GTAN 7 TAC (48). In any case, the function of the interaction of NtcA with these sites is unknown since no information is available on the transcription start point(s) of xisA or glbN.
Consistent with its putative role in gene expression in the heterocysts, ntcA appears to be expressed in fully developed, mature heterocysts (2, 95, 96 ). An additional interesting observation is that although overexpression of hetR results in heterocyst development independent of the nitrogen source, only in a medium without combined nitrogen are the heterocysts active in nitrogen fixation (45) . This observation implies operation of N regulation beyond induction of hetR, consistent with direct regulation by NtcA of some genes involved in heterocyst function. On the other hand, a number of promoters putatively regulated by NtcA that are used in the heterocyst do not match the consensus sequence defined for NtcA-activated promoters (e.g., petH tsp2, and nifHDK; Fig. 5 ). Interestingly, most of the promoter sequences included in Fig. 5 contain a good half site for NtcA binding. As discussed above, it is possible that a modified or activated NtcA protein could bind to these promoters. Alternatively, NtcA assisted by another factor, or even a heterodimer of NtcA and another transcription factor, could constitute the actual activator. Of interest in this context is the recent identification of devH, a gene whose expression is NtcA and HetR dependent and whose disruption leads to the development of nonfunctional heterocysts (46) . DevH is homologous to NtcA and represents a putative DNAbinding protein (46) . Because the sequence of the second helix of the helix-turn-helix motif of DevH is strongly similar to that of NtcA, DevH might recognize a binding site on DNA similar to that of NtcA.
NtcA REPRESSOR SITES
NtcA-binding sites that appear to have a repressor role have been identified in Anabaena sp. strain PCC 7120 and Synechocystis sp. strain PCC 6803. In Anabaena sp. strain PCC 7120, NtcA has been shown to bind to two sites in the promoter of the rbcL gene, which encodes a subunit of ribulose bisphosphate carboxylase/oxygenase (16, 95) . At least one of these sites could be a repressor site, since it maps to the region extending from Ϫ12 to ϩ12 with respect to the tsp ( Fig. 6 ; see reference 95). Also, a sequence, TGTAN 8 AACA, that could represent an NtcA-binding site is located 60 nucleotides down-stream from a tsp, which has been detected with RNA from ammonium-grown cells, for the Anabaena hanA gene (58, 89) . The hanA gene encodes the histone-like HU protein, and its mutation results in a highly pleiotropic phenotype that includes lack of heterocyst development (58) . Because ribulose bisphosphate carboxylase/oxygenase (129) and the HU protein (89) are absent from heterocysts, repression of rbcL and hanA can represent another role for NtcA in the mature heterocyst. Finally, a sequence, TGTN 9 ACA, located at a position that would be compatible with an NtcA repressor site (Fig. 6 ) has been reported for a promoter of the Anabaena gor gene, encoding glutathione reductase, that is preferentially used in ammonium-grown cells (53) . This sequence is similar to those discussed above for the NtcA-binding sites of xisA and glbN and could represent a weak binding site for NtcA (55) .
Expression of the gifA and gifB genes from Synechocystis sp. strain PCC 6803, encoding glutamine synthetase-inactivating factors IF7 and IF17, respectively (see above), has been shown to be repressed in the absence of combined nitrogen, with full expression taking place in the presence of ammonium (41) . Repression of these genes is not observed in a partially segregated ntcA mutant (41) . Binding of NtcA to the promoters of gifA and gifB has been shown, and in both cases, the position of the binding site is closer to the tsp than in the case of NtcAactivated promoters (Fig. 6) . In fact, the NtcA-binding site found in the gifB promoter overlaps the Ϫ10 box (41) . These results demonstrate a repressor effect of NtcA, which can therefore act as both an activator and a repressor, as is also the case for other regulators of the CAP family (62).
REGULATION OF NtcA
As described above, the ntcA gene has been found to be autoregulatory in those cyanobacteria in which ntcA expression has been investigated. Constitutive expression of NtcA in Synechococcus sp. strain PCC 7942 derivatives bearing a P trc -ntcA construct is not able to promote the activation of NtcA-dependent genes in the presence of ammonium (M. F. Vázquez-Bermúdez, I. Luque, A. Herrero, and E. Flores, unpublished data). The NtcA protein could be activated upon nitrogen stepdown, becoming competent in promoting the use of NtcAdependent promoters and, therefore, its own expression. It might be suggested that NtcA responds to a signal which senses the presence of ammonium in the medium. However, as was previously shown for nitrate reductase (47) , inactivation of glutamine synthetase with MSX induces expression of the nir operon transcript (112) , indicating that the repressor effect of ammonium requires incorporation of this ion into carbon skeletons. Furthermore, the glnB NtcA-dependent promoter of Synechococcus sp. strain PCC 7942 has been shown to be used differentially, depending not only on the nitrogen source but also on the carbon supply (65) . Whereas this promoter is used during nitrogen starvation but not in the presence of ammonium, its use in the presence of nitrate depends on an extra supply of CO 2 (air plus 3% CO 2 ). Therefore, NtcA appears to respond, directly or indirectly, to a signal of the C-N balance of the cell rather than to ammonium. As discussed above, 2-oxoglutarate may represent a C-N balance signal in cyanobacteria. Recent results from our laboratory have shown that the affinity of NtcA for the Synechococcus glnA promoter is increased by 2-oxoglutarate in the presence of Mg 2ϩ ions (Vázquez-Bermúdez et al., unpublished data), but the participation of other regulatory elements in the modulation of NtcA activity or in NtcA-dependent transcriptional control is also possible. In this context, it is worth noting that the P II protein appears not to be an element required for nitrogen-dependent transcriptional control in cyanobacteria, since this control is not altered in a P II -null mutant (63) .
Cyanate has been proposed as the metabolic signal for the ammonium-promoted repression of the nir operon in Synechococcus sp. strain PCC 7942 (113) , but the observation that the negative effect of cyanate is not manifest in a cyanase mutant has made this suggestion questionable (92) . On the other hand, based on a requirement for a reducing agent in the buffer for protein-DNA-binding assays, Anabaena sp. strain PCC 7120 NtcA has been suggested to be subject to redox regulation (54), a proposal that requires further investigation.
CONCLUDING REMARKS AND PROSPECTS
Cyanobacteria assimilate ammonium in preference to other nitrogen sources, like nitrate or N 2 , and utilize combined nitrogen in preference to N 2 . Some strains that can assimilate urea also seem to use this simple organic compound as a preferred nitrogen source. The CAP family transcriptional regulator NtcA has been found to constitute a key element that operates N control in cyanobacteria. The ntcA mutants generally require ammonium as a nitrogen source, NtcA being necessary for the expression of genes encoding proteins involved in the assimilation of alternative nitrogen sources. NtcA is required for heterocyst differentiation to take place, and recent results have indicated that NtcA can activate the expression not only of early development genes but also of other genes involved in later steps of the differentiation process and in the function of mature heterocysts. NtcA is also required for the expression of ammonium permease and for full expression of the ammonium-assimilating enzyme glutamine synthetase when the cells are incubated without ammonium. Additionally, A substantial amount of work has been devoted to the characterization of NtcA-activated promoters permitting the definition of a clear structure for this type of promoters (Fig. 4) . Most of the NtcA-activated promoters identified to date generate transcripts whose start points are located 27 to 264 nucleotides upstream from the putative translation start of the corresponding genes. However, for some genes of Anabaena sp. strain PCC 7120, the NtcA-dependent transcription start points have been localized farther upstream (Ϫ460 to Ϫ704). The role, if any, of the corresponding long, presumably untranslated transcript fragments remains to be investigated.
How NtcA perceives the nitrogen status (or the C-N balance) of the cell, so that it activates transcription only when ammonium is not available, is unknown. The observed effect of 2-oxoglutarate on NtcA binding deserves further investigation, since this metabolite represents a putative indicator of the C-N balance of the cyanobacterial cell. In fact, 2-oxoglutarate plays a key role in determining the phosphorylation degree of the signal transduction P II protein in cyanobacteria. P II also senses 2-oxoglutarate in enterobacteria, but in these organisms N control additionally involves sensing of glutamine by the P II uridylyltransferase/uridylyl-removing enzyme (56), a protein which is not present in cyanobacteria. On the other hand, P II appears not to be involved in NtcA function, in contrast to the key role of P II in the enterobacterial Ntr system.
Under certain conditions, NtcA is able to activate transcription from some promoters while being inactive on others. A clear example of this is repression by nitrate of heterocyst differentiation, an NtcA-dependent process, while the NtcAdependent nitrate assimilation system is expressed. We are currently investigating whether different affinities of NtcA for different promoters could be responsible for a hierarchy of expression of nitrogen assimilation genes. Additionally, cooperation of other factors, like the LysR family NtcB protein, in NtcA-dependent activation of gene expression may lead to the preferential use of some promoters under some defined physiological conditions. baena sp. strain PCC 7120 vegetative cells binds to three adjacent sites in the xisA upstream region. J. 
